ABSTACT: This paper presents an experimental study on thermal transport to single water droplets evaporating on heated bi-philic surfaces consisting of a superhydrophobic matrix with circular hydrophobic patterns. A single water droplet of 8 µl volume is placed on a preheated surface and allowed to evaporate completely at initial surface temperatures between 45 and 74°C. We investigate the influence of the substrate orientation (horizontal and vertical) on evaporation dynamics. Using optical and infrared imaging, we report droplet fluid dynamics and heat transfer characteristics of the evaporating droplet. We identify three major findings: (i) While the highest local evaporation flux occurs at the three-phase contact line region for both orientations, many evaporation characteristics, such as contact angle evolution, temperature and heat flux distribution, the time-varying shape of the droplet, and convective currents within the droplet are different on the vertical surface compared to those on the horizontal surface. (ii) For the vertical surface, the temperature and heat flux distributions are non-uniform along the perimeter of the droplet until the contact angles at the upper and lower contact lines are equal. We attribute this special behavior to the altered inner convective currents compared to a droplet evaporating on a horizontal sample. (iii) Overall, evaporation is more efficient on the vertical surface, exhibiting higher total heat transfer rates and up to 10% shorter evaporation times.
 INTRODUCTION
Inspired by nature, such as the fog water collection capability of Stenocara beetles in the Namib Desert, 1,2 researchers have developed wettability and structurally patterned artificial surfaces which show great potential in many industrial applications. 3-5 On wettability-patterned surfaces, areas of two or more different wettabilities (superhydrophobic, hydrophobic, hydrophilic, or superhydrophilic) are present, helping to achieve the desired properties and functions. Most of the literature dealing with patterned superhydrophobic/(super)hydrophilic surfaces focuses on droplet transport, 6-9 droplet impact, 10,11 water collection, 1,2 liquid deposition, 12, 13 and inkjet printing. 14, 15 Here, we expand the understanding to evaporation kinetics of sessile water droplets on wettability-patterned surfaces for potential use in spray cooling applications, 16 or as microreactors in chemical and biomedical engineering. 17 Droplet evaporation dynamics on single-wettability superhydrophobic surfaces have been studied extensively. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] For example, Pan et el. 19 investigated the conjugate heat transfer mechanism at the contact line of non-wetting droplets and found that the maximum evaporation flux occurs at the three-phase contact line region. Gibbons et al. 23 provided the spatial distribution of the substrate-droplet interfacial heat flux as well as the time varying heat flux distribution for a full evaporation event. Although droplet evaporation on surfaces of a single wettability has been widely studied, [28] [29] [30] the evaporation behavior of sessile water droplets on wettability-patterned surfaces has drawn less attention. Based upon the different evaporation regimes on (super)hydrophilic surfaces, on which droplets evaporate with nearly constant contact radius (CCR), and (super)hydrophobic surfaces, which exhibit predominantly a constant contact angle (CCA) mode, significant differences in evaporation dynamics are expected on patterned bi-philic surfaces, where areas of wettability transition provide additional contact line pinning sites. Our experiments show that droplets maintain high contact angles, characteristic of superhydrophobic surfaces, while remaining pinned, typical of hydrophilic surfaces. Furthermore, this contact line pinning on patterned bi-philic surfaces prevents the droplet from rolling down the surface, even when tilted. Although detailed studies of droplet evaporation on horizontal patterned surface have been carried out, 31 to the authors' knowledge, up to now no attempts have been made to provide information about droplet evaporation on vertically placed patterned surfaces. A detailed understanding of water droplet evaporation dynamics on patterned bi-philic surfaces is the foundation to controlling important evaporation characteristics, such as heat flux and cooling rate, evaporation time, and surface temperature distribution.
In this paper we report an experimental study on water droplet evaporation on heated bi-philic surfaces, consisting of a superhydrophobic matrix with circular hydrophobic patterns. We provide the droplet-substrate interfacial spatial temperature and heat flux distributions from infrared (IR) imaging for a full evaporation event on horizontal and vertical patterned surfaces. Analysis of synchronized optical images elucidates the coupling of fluid dynamics, i.e., circulating convective currents within the droplet, and its thermal signature.
 EXPERIMENTAL METHODS
Heater Design and Surface Processing. The sample design, the fabrication process, and the corresponding wettability patterns are shown in Figure 1 . The substrate consists of four layers. First, a 1.18 mm thick calcium fluoride window (UQG Optics) was coated with a 12 µm thin layer of black paint (Testors 18PK Black Enamel, 1149TT), which served as transducer for thermal imaging. The coating was applied via spin coating at 1200 rpm for 90 s and the thickness of the black paint layer was measured using a profilometer (Alpha-Step D-100 Stylus Profiler). On top of the black paint, a thin layer of chromium with 350 nm thickness was deposited using physical vapor deposition (PVD), serving as heater. Two triangular-cut copper sheets, attached to a DC power supply (Instek PSW 160-7.2), were bonded to the calcium fluoride window and in direct contact with the Cr layer to ensure a homogeneous temperature distribution in the center of the sample. The heated surface measured 15.4 mm 25.5 mm. The top side of the heater assembly was spray-coated using the commercially available superhydrophobic Glaco Mirror coat. 23 At room temperature, the static contact angle of water droplets on Glaco is 162° 3° with negligible contact angle hysteresis. Samples were allowed to dry for a minimum of 24 hours before further processing. To change the wettability of the surface, ultraviolet exposure (PSD Pro Series Digital UV Ozone System) was carried out for 105 minutes. An aluminum mask with a central hole of 1.5 mm diameter was used to cover the superhydrophobic surface. The wettability of the exposed area gradually decreased over time, reaching a sessile contact angle of ~ 90° with strong contact line pinning after 105 minutes. The contact angle in the covered areas remained unchanged. After the exposure and removal of the mask, we obtained a bi-philic surface consisting of a superhydrophobic matrix with a central circular hydrophobic spot (diameter: D = 1.5 mm). Experimental Setup. Sessile droplets of de-ionized (DI) water, initially at room temperature and with a volume of ≈ 8 µl, were placed on the heated bi-philic substrates (45°C to 74°C, 0.5°C) and allowed to evaporate. A schematic of the experimental setup is depicted in Figure 2 . Side-view images of the droplets were recorded using a Canon EOS Rebel T6i with a Canon MP-E 65mm f/2.8 1-5X Macro Lens at a spatial resolution of 2.3 µm/pixel. A white LED (Metabright Area Backlights) provided sufficient backlighting for shadowgraph imaging. A Telops FAST M3k infrared camera equipped with a 1x long working-distance lens (Telops) captured the temperature distribution of the sample in bottom-view using a gold-coated mirror (Thorlabs) at 1 frame/s with a resolution of 30 μm/pixel. Experiments were conducted at least three times for each temperature and showed good repeatability. Thermal Calibration and Heat Transfer Analysis. To account for the deviation from black body emission of the black paint, for transmission losses through the calcium fluoride window, reflection losses from the mirror, and a thermal resistance from the Glaco coating, we calibrated the IR camera by attaching a surface RTD (Omega, PT100) to the top side of the sample. Through comparison with the IR camera readout we created a correction correlation, which relates the two temperature readings and is applied to each frame before further processing.
In order to obtain heat transfer rates from the temperature distribution of the substrate, a transient energy balance was applied to each pixel element. [32] [33] [34] Detailed information on the analysis is presented in the Supporting Information (SI). Briefly, the convective heat flux of each pixel element is expressed as
is the heat flux to the top surface (i.e., droplet or air) of each pixel element, is the heat generated in the Cr thin film heater by Joule heating, is the total area of the heater, is the thermal energy stored in the pixel element in the time interval between two consecutive frames, is the size of a pixel element, is the heat flow due to conduction to/from the four neighboring pixel elements, and is the heat loss to the environment through conduction and natural convection at the bottom of the calcium fluoride window. The recorded thermal images were processed using a custom written MATLAB code to obtain temporal heat flux distributions. From a combination of the accuracy of the IR camera (30 mK) and the use of a Gaussian filter (see SI), the uncertainty in reported heat flux values is 2-8%. Droplet contact angles were obtained from optical images using Image J ( 3°). 35, 36  RESULTS AND DISCUSSION We experimentally studied the evaporation kinetics of sessile water droplets on horizontal (0°) and vertical (90°) bi-philic surfaces, heated to temperatures between 45°C and 74°C. The results showed that contact angle evolution and heat flux distribution were similar for all temperature levels. We thus limit the presentation and discussion of results to surface temperatures of 74°C in this paper, as the evaporation processes and corresponding thermal-fluidic signatures are most pronounced at this temperature.
Images from the simultaneous optical visualization of the droplet evaporation process in side-view, along with the corresponding temperature profile of the substrate in bottom-view and the calculated local heat flux distribution are shown in Figure 3 for both horizontally and vertically mounted substrates. From these images, we can identify three main qualitative observations of the evaporation process: 1) Due to pinning of the contact line at the wettability boundary, contact angles decrease over time, while the wetted area remains approximately constant. While contact angles are circumferentially symmetric for a droplet evaporating on a horizontal surface, contact angles are higher in the lower region of the droplet for vertical samples. At later stages of the evaporation process, contact angles at the upper and lower areas converge. 2) Similar to superhydrophobic surfaces, 19, 23 the maximum local heat flux occurs on the three-phase contact line region during the entire evaporation process, despite the drastic change in contact angle over the course of the evaporation cycle. Josyula et al. 37 observed a strong correlation between the temperature difference within the droplet and the evolution of the droplet shape for the different modes of evaporation (i.e., CCR, CCA, or stick-slip). A similar phenomenon is observed in our experiment. 3) The most important finding is the discrepancy in the evaporation process between the horizontal and vertical bi-philic surfaces. On the horizontal surface, the droplet shape always resembles that of a spherical cap, and temperature and heat flux distributions are approximately symmetric and uniform. On the other hand, on vertical bi-philic surfaces, the temperature and heat flux distribution are not uniform in the intermediate stages of the evaporation process. We clearly see in panels E2/F2 through E4/F4 of Figure 3 that the lower part of droplet is at a lower temperature and has a higher heat flux compared to the upper contact line region. Furthermore, droplets of the same size evaporate faster on vertical than on horizontal surfaces (265 s vs. 293 s). This spatially and temporally nonuniform thermal signature indicates that substrate orientation has a significant influence on the evaporation dynamics of water droplets. In the remainder of this paper we will discuss the influence of the orientation on contact angles, temperature and heat flux distributions, and their thermal-fluidic interplay in more detail. Figure 4 show the respective instantaneous optical images of the droplets, as well as temperature and heat flux distributions. As expected, 31 on the horizontal bi-philic surface the contact angle decreases continuously as the droplet evaporates and the contact line is pinned at the transition from the superhydrophobic to the hydrophobic region. The contact angle evolution on a vertical surface, however, exhibits three distinct stages, as can be seen in Figure 4b : (i) Initially, the contact angles at the upper and lower contact lines are θU ≈ 90° and θL ≈ 162°, respectively. In the first stage of the evaporation process (t ≤ 160 s), the upper contact angle remains approximately constant, while the contact angle at the lower contact line decreases monotonically. (ii) During the second stage (160 s < t ≤ 240 s), both contact angles decrease at a similar rate. (iii) Finally, for t > 240 s, the upper and lower contact angles become equal (θ ≈ 53°), and decrease sharply for a brief period until the droplet evaporates completely. It is interesting to note that the temperature and heat flux profiles become radially symmetric again at the moment that the upper and lower become equal. At this moment, the symmetry in the droplet geometry leads to a symmetry in the local thermal resistance and fluid flow field, resulting in the symmetrical thermal signature. The temporal evolution of the contact angles of droplets on the horizontal surface and the lower contact line on vertical bi-philic surfaces is very similar. On the horizontal bi-philic surface, owing to the circular hydrophobic pattern, droplet evaporation occurs in a clear CCR mode for entire duration of the evaporation event. In contrast to the CCA mode of a regular superhydrophobic surface, where the contact line of a droplet keeps receding, the contact radius here remains constant because of the pinning force at the wettability boundary, which obstructs the movement of the contact line. This variation in contact angle and evaporation mode influences the evaporation rate on the bi-philic surface. [37] [38] [39] Figure 5a shows the time evolution of the temperature and heat flux of the upper and lower contact line regions on a vertical bi-philic surface. In contrast to the lower contact line region, where temperature and heat flux vary linearly with time (after the initial sharp increase in temperature when the droplet is being brought into contact with the substrate), the changes of temperature and heat flux in the upper contact line region show two different trends. During the first period (t < 100 -120 s), the temperature of the upper contact line region rises more quickly than that of the lower contact line region, followed by a relatively long period of modest increase. Even more fascinating is the existence of a minimum in the heat flux curve of the upper contact line around t ≈ 125 s, whereas the heat flux near the lower contact area decreases monotonically. On the one hand, due to a monotonic increase in droplet temperature (i.e., sensible heat), we would expect the heat transfer between the heated substrate and the droplet to decrease monotonically over time as the thermal driving potential decreases. On the other hand, an elevated droplet temperature enhances the evaporative flux (i.e., latent cooling). 40 We thus observe a competition between sensible heating and latent cooling. A second trade-off between contact angle and heat transfer originates from the vapor concentration gradient around the evaporating droplet. Xu et al. 25 found that the diffusion of vapor away from droplets on superhydrophobic surfaces is significantly restricted by a high contact angle. With decreasing contact angles, such geometric constraints become negligible. Due to a lower diffusion resistance, the evaporation flux, along with the corresponding heat flux, is higher for smaller contact angles. However, our experiment shows that the heat flux of the upper contact line region, which has the smaller contact angle, is smaller than that of the lower contact line region with the larger contact angle. This is in contrast to the results of Xu et al. 25 The special inner convective flow patterns on the vertical substrate (see a more detailed discussion below and Figure 7c ) may be the reason for this apparent contradiction. Briefly, on the vertical bi-philic surface, the majority of heat absorbed by the lower region is used to increase the droplet temperature (i.e., sensible heating). The thermal energy is then transferred through inner convective currents to the upper region, where evaporative cooling is dominant. In addition to considering the local evaporative fluxes of the upper and lower regions separately, we also quantified the absolute difference between these two regions. It can be seen from Figure 5b that ΔT (temperature discrepancy) and |Δq| (heat flux discrepancy) increase with the time during the initial period of the evaporation process up to t ≈ 120s, after which they decrease until the droplets evaporate completely. This is in line with our hypothesis of convective currents dominating heat transfer in the lower part of the droplet. As contact angles converge, the flow pattern becomes more symmetric, assimilating temperature and heat transfer rates in the top and bottom regions. To further elucidate the influence of contact angles on the thermal-fluidic behavior of the evaporating droplet, we plot temperature and heat flux as a function of contact angle for the upper (Figure 6a ) and lower (Figure 6b ) contact line regions on a vertical bi-philic surface separately. In the upper part of the droplet, temperature and heat flux remain nearly constant for all contact angles. However, for the lower contact line region, we observe a strong dependence of temperature and heat flux on contact angles for θL > 90°, as shown in Figure 6b . We identify three phases: In phase I, the droplet heats up rapidly from its initial temperature (≈ 25°C) to slightly below the substrate temperature, while the heat flux decreases. With decreasing contact angle (i.e., as time evolves), the heat flux continues to decrease monotonically during phase II, until both temperature and heat flux become constant in phase III for θL < 90°. This also marks the point when the droplet shape resumes is symmetry (compare to Figures 3 and 4 ). Based on a vapor-diffusion model, Dash et al. 24, 41 found that a contact angle of 90° marks a turning point in the evaporation dynamics, which matches well with our observations. In short: the shape (profile) of the droplet influences its evaporation dynamics. 25, 37, 39 The first factor is a wedge effect. As discussed earlier, for moderate contact angles (i.e.,θ < 90°), vapor diffusion from the liquid-air interface is geometrically not restricted, whereas the diffusion resistance becomes important at higher contact angles. The second factor is the thermal conduction resistance of the droplet itself. 41 At higher contact angles, the thermal conduction path through the droplet to the interface increases. In both cases, we would expect a decrease in heat flux with increasing contact angle. Again, we observe the opposite trend with heat fluxes increasing as contact angles increase. As alluded to in an earlier section of this paper, we attribute this a-typical behavior to the non-symmetrical shape of droplets on vertical patterned bi-philic surfaces and convective currents within the droplet. Figure 7a ,b presents the time-varying contours of droplets on vertical and horizontal bi-philic surfaces. This figure summarizes the droplet evaporation dynamics discussed above. The wetted radius remains constant over time, except for a slight decrease in the lower contact line region of a vertical substrate. It can be clearly seen that the transient evolution of the droplets is very different for the two substrate orientations, especially in the upper contact line region on the vertical surface. Due to the importance of the curvature of the liquid-gas interface for droplet evaporation, 23 we conclude that the variation in droplet shape and nonsymmetry are one of the driving factors behind the observed non-homogeneous temperature and heat flux distributions. To quantify the effect of convective currents, we seeded evaporating droplets with natural graphite powder (10μm spherical particles). Streamlines were recorded experimentally by tracking individual particles over an extended period of time using ImageJ, as shown in Figure  7c ,d. Using Snell-Descartes' law of refraction, 42 we estimate the error of reported particle velocities to approximately 12%. For the vertical bi-philic surface, one small-size oval vortex is observed in the upper region of the droplet, with high fluid velocities in the upper region (v > 2.2 m/s) and weaker flow in the lower region (v < 0.75 m/s). In contrast, the flow pattern on the horizontal bi-philic surface is Yshaped and bifurcated, with two symmetric vortices on both sides of the droplet. 28 Supplementary videos are available to visualize these currents. Combining the insights gained from the shape-evolution of droplets, recorded particle trajectories, and temperature and heat flux distributions, we conclude that these convective currents are responsible for the observed non-uniformity of the thermal signature. Sensible heating in the lower region of the droplet enhances buoyancy and Maragoni-driven currents to the upper region, where liquid evaporated and droplet-air interfacial temperatures drop. These lower temperatures are then convected towards the lower part of the droplet, where the cycle repeats. Please note that bottom-view IR images only represent the substrate-droplet interfacial temperature, and not the temperature of the entire droplet (e.g., internal or the droplet-air interfacial temperature), and hence seems like an apparent contradiction of buoyancy-driven flow of the bulk droplet. Finally, we compare the average temperature and total heat flux for the entire droplet for the two substrate orientations. Typical applications of droplet evaporation include high-power cooling devices, and as such a lower average temperature and higher overall heat flux are desirable. Figure 8a shows the magnitude of the average temperature and total heat flux to the evaporating droplet on the vertical bi-philic surface. As the droplet heats up due to sensible heating and a decrease in volume, the driving force for heat transfer, i.e., the temperature difference between droplet and substrate, decreases monotonically, and so does the heat flux. Contrary to that, the average temperature and heat flux on a horizontal surface, as depicted in Figure 8b , shows three distinct phases. After the initial intense heating of the droplet (phase I), the evaporation process equilibrates and the heat flux remains approximately constant (phase II). As the contact angle decreases, the thinning of the droplet (less volume but same contact area) leads to an increase in heat transfer (phase III). Despite the increase in heat flux towards the end of the evaporation process on the horizontal surface, the total heat transfer on the vertical surface is always larger than that on the horizontal surface, leading to shorter droplet evaporation times on vertical bi-philic surfaces (compare to Figure 3 ).
 CONCLUSIONS
To summarize, we studied the evaporation of water droplets on heated bi-philic surfaces (superhydrophobic matrix with circular hydrophobic patterns). In particular, we focused on the influence of sample orientation (horizontal or vertical) on the evaporation dynamics. We found that heat transfer is more efficient on vertical bi-philic surfaces due to stronger inner convective currents, leading to higher overall heat transfer rates and shorter evaporation times. While horizontally placed droplets maintain a symmetrical shape and uniform temperature and heat transfer distribution during evaporation, droplets on a vertical substrate are asymmetric and thermally inhomogeneous. Our main findings are threefold: (i) Droplets evaporate in the CCR mode on bi-philic surfaces. Attributed to the pinning force at the wettability boundary, the contact radius remains fixed, leading to the highest heat transfer rates at the three-phase contact line region for both vertical and horizontal surfaces. Transient contact angles show a strong difference between upper and lower contact line regions on vertically placed droplets, leading to preferential evaporation at the upper contact line. (ii) Compared to a droplet evaporating on a horizontal surface, the temperature and heat flux distributions on the vertical surface are not uniform in the intermediate stages of the evaporation process, due to different inner convective flow patterns. Temperature and heat flux become radially uniform once the contact angles in both regions become equal. (iii) The thermal energy transfer to the droplet is more efficient on a vertical substrate compared to that on a horizontal substrate. Sensible heat in the lower part of the droplet, where evaporation is diffusion limited, is carried to the upper contact line by convective currents, where the evaporation resistance is minimized due to a higher liquid temperature and low contact angles. Overall, at a substrate temperature of 74°C, the evaporation time is decreased from 293 s on a horizontal surface to 265 s on a vertical surface.
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